Synchronized 3T6 (mouse fibroblast) ghost monolayers (isolated nuclei) were utilized to study the effects of ATP and ADP levels on DNA replication in vitro. A system yielding discontinuous semiconservative DNA replication ( 3.7 X 10'0 becquerels); 1-10 mM ATP with an equivalent amount of MgCl2; and an ATP-regenerating system (as indicated) of 5-10 mM phosphoenolpyruvate and pyruvate kinase at 15 ,tg/ml in incorporation buffer. Incubation periods were 30-90 min at 370C. After removal of the medium, nuclei were lysed in 0.1 M NaOH (twice with 1 ml) for 30 min at 600C. Acid-insoluble material was precipitated with 5 ml of ice-cold 20% Cl3CCOOH/0. 1 M Na pyrophosphate. The precipitates were filtered through glass fiber filters that were washed five times with ice-cold 5-ml portions of 5% Abbreviation: DME, Dulbecco's modified Eagle's medium. 1643 The publication costs of this article were defrayed in part by page charge payments. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
ABSTRACT
Synchronized 3T6 (mouse fibroblast) ghost monolayers (isolated nuclei) were utilized to study the effects of ATP and ADP levels on DNA replication in vitro. A system yielding discontinuous semiconservative DNA replication (without any detectable repair) in synchronized S phase nuclei has been developed. Lack of initiation of new sites has been observed in isolated S phase 3T6 nuclei without the presence of cytoplasmic material; DNA synthesis is comprised only of elongation at sites where initiation had previously taken place. DNA synthesis in S phase nuclei proceeded optimally at an ATP concentration of 4-5 mM. High ATP levels as well as high ATP/ADP ratios (produced by an ATP-regenerating system at a variety of ATP concentrations) yielded marked inhibition of [3H]dT1T incorporation. The cellular and nuclear pools of ATP and ADP in intact synchronized 3T6 cells were accurately de- termined by high-pressure liquid chromatography. A good correlation with the studies on isolated nuclei has been observed. Whereas total cellular ATP pools increase during the progression of 3T6 cells from G1 to S phase of the cell cycle, nuclear ATP pools do not increase, and the nuclear ATP/ADP ratios decrease once the cells enter the S phase of their cycle. These experiments suggest that nuclear ATP pools and ATP/ ADP ratios act as S phase controls, regulating DNA elongation at sites where its synthesis has previously been initiated by cytoplasmic factors.
The entry of mammalian cells into the S phase of their cycle and the onset of orderly chromosomal DNA replication are controlled by cytoplasmic factors acting as positive regulatory signals (1, 2) . After entry into the S phase, a temporal order of DNA replication is maintained (3) with cytoplasmic factors needed to initiate new sites of replication throughout the S phase. The latter indication stems from data reported here as well as recent reports (3) (4) (5) (6) (7) (8) (9) suggesting that isolated nuclei engage only in elongation of DNA along existing replication forks.
Adenine nucleotides have been implicated as growth signals in animal cells (10, 11) , and diadenosine 5',5"'-P',P4-tetraphosphate (Ap4A) (12) has been reported to be capable of initiating DNA replication in a permeabilized eukaryotic cell system (13 were lysed in 0.1 M NaOH (twice with 1 ml) for 30 min at 600C. Acid-insoluble material was precipitated with 5 ml of ice-cold 20% Cl3CCOOH/0. 1 M Na pyrophosphate. The precipitates were filtered through glass fiber filters that were washed five times with ice-cold 5-ml portions of 5% Abbreviation: DME, Dulbecco's modified Eagle's medium. 1643 The publication costs of this article were defrayed in part by page charge payments. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. C13CCOOH/0. 1 M pyrophosphate and then 5 ml of acetone. The filters were dried, digested in NCS tissue solubilizer, and assayed for radioactivity in 10 ml of toluene-based scintillation fluid. For autoradiography, removal of incorporation medium was followed by successive washings with methanol, 7% C13CCOOH (twice), 70% (vol/vol) ethanol, and 100% ethanol. Autoradiography of isloated nuclei as well as cells was performed with Kodak NTB-2 emulsion.
Alkaline Sucrose and Equilibrium Density Gradients. Specific conditions are indicated in legends to the figures. Alkaline sucrose gradients and neutral CsCl density gradient centrifugations were as described (8) . Alkaline CsCl/Cs2SO4 density gradient centrifugations were according to ref. 20 . BrdUMP-substituted DNA ("heavy strands") was synthesized by inclusion of 0.2 mM BrdUTP in the incorporation mixture instead of dTTP. The radioactive label was provided by [3H]-dATP (0.5 Ci/mmol). Preparation of the samples for centrifugation followed published procedures (8, 20) , without shearing.
Analysis of Acid-Soluble Nucleotides. Cells were treated at room temperature with ice-cold 1% Nonidet P-40 in incorporation buffer (2.5 ml in 35-mm petri dishes) for a period of exactly 10 sec with constant swirling. After quick removal of this solution, the nuclei were immediately fixed with 1.0 ml of ice-cold 15% C13CCOOH containing 3.33 nmol of xanthosine diphosphate (XDP) as external marker. When cells were extracted, ice-cold 15% C13CCOOH containing 13.3 nmol of XDP (per 1 ml) was added immediately after the quick removal of the medium. Acid-soluble nucleotides were extracted for 45 min on ice and the C13CCOOH was removed by vigorous extraction of the aqueous solution with 0.5 M tri-n-octylamine in Freon-113, as described (21) . The densities of the extracted isolated nuclei or cells were 0.6-0.8 X 106 per 35-mm petri dish. Cell numbers were determined with a Coulter Counter. Highpressure liquid chromatographic analysis of acid-soluble nucleotides was performed on Whatman's Partisil-10 SAX columns with a Waters Associates ALC 202 instrument equipped with a programmer and a second pump for gradient elution. Peaks were detected by the instrument's UV detector at 254 nm and were integrated electronically with a Hewlett-Packard HP3380A integrator. Gradient elution of acid-soluble nucleotides was performed according to a published procedure (21) .
RESULTS
Characterization of DNA Synthesis in Isolated S Phase 3T6 Nuclei. DNA synthesis in isolated 3T6 nuclei (ghost monolayers) was assayed either by the incorporation of [3H]dTTP into acid-insoluble material or by autoradiography. DNA synthesis in isolated 3T6 nuclei was cell cycle dependent. As demonstrated in Fig. 1 (Fig. 1) . Inclusion of BrdUTP, a density label, in place of dTTP in the DNA-synthesizing mixture was followed by analysis of the in vitro-synthesized DNA under denaturing conditions. As shown in Fig. 2 , all the DNA synthesized in vitro banded at a "heavy" density. Thus the nature of the DNA synthesized under these conditions in synchronized S phase nuclei was replicative; no repair activity has been observed (Fig. 2) . DNA (Fig. 4 A and B) . No initiation sites formed at the isolated nuclei stage, have been detected. The second procedure included a short incorporation period of BrdUTP into S phase isolated nuclei (without BrdU pretreatment) followed by removal of the incorporation medium, washing, and treatment of these nuclei with [3H]dTTP incorporation mixture under optimal conditions. Alkaline equilibrium density gradients showed only mixed (heavy-light) chains, in accordance with the lack of initiation of new DNA replication sites during the [3H]dTTP incorporation period (Fig.  4 C and D) .
Effect of ATP and ADP Levels on DNA Synthesis in Synchronized S Phase Nuclei. In isolated synchronized S phase 3T6 nuclei the concentration of ATP in the [3H]dTTP incorporation mixture has a distinct effect on the rate of DNA synthesis (Fig. 5) , with the optimal concentration of ATP being 5 mM. The use of an ATP-regenerating system of phosphoenolpyruvate/pyruvate kinase lowers the rate of DNA synthesis at a variety of ATP concentrations (Fig. 5) . High ATP levels (10 mM) and an ATP-regenerating system produced in S phase nuclei a rate of DNA synthesis found in nuclei synchronized in mid G1 phase. The effects of ATP and an ATP-regenerating system on [3H]dTTP incorporation into isolated S phase 3T6 nuclei are similar when measured as acid-insoluble cpm (Fig.  5 ) or as percent of labeled nuclei by autoradiography (data not shown).
Determination of Nuclear and Total Cellular ADP and ATP Pool Sizes in Synchronized 3T6 Cells. A quick (10-sec) treatment of synchronized 3T6 cells with ice-cold 1% Nonidet P-40 in incorporation buffer was enough to destroy the cell membrane, remove the cytoplasmic compartments of the cells, and permit the determination of the nuclear compartment's nucleotide pool sizes. The techniques utilized for nonaqueous fractionation of nuclei (22, 23) do in many cases yield cytoplasmic contaminants, but are required in most cases for which a quick aqueous removal of the cytoplasmic compartments is impossible. It is the property of 3T6 nuclei, adhering to the surface of the dish, which allows the quick (lO-sec) treatment with cold 1% Nonidet P-40, keeping the inaccuracies due to for initiation of DNA synthesis throughout the S phase. In vitro DNA replication in isolated S phase nuclei (elongation) was shown to be very sensitive to ATP concentrations and ATP/ ADP ratios. We have utilized high pressure liquid chromatography for the analysis of ADP and ATP pools on ion-exchange columns, a procedure that yields accurate and highly reproducible pool sizes. Whereas the total cellular ATP pools and ATP/ADP ratios in vivo increase upon the progression of 3T6 cells from G1 to S phase of the cell cycle, nuclear ATP pools do not change and nuclear ATP/ADP ratios decrease along the same route.
Although synchronization of 3T6 cells is not ideal, we have chosen them because the 3T6 nt4lei adhere to the surface of the dish after destruction of cell membranes and removal of cytoplasmic compartments with Nonidet P-40 (14) . This property enabled us to determine the nuclear pools of adenine nucleotides in vivo after a quick (lO-sec) removal of the cytoplasmic compartments (with minimum diffusion) under aqueous conditions. Nonaqueous fractionation of nuclei (22, 23) involves removal of cells from the dish, followed by several manipulations, including pelleting of the cells, which were shown to greatly affect pools of adenine nucleotides in mammalian cells (unpublished data). Isolated S phase 3T6 nuclei have also been found convenient for the studies in vitro of the effects of adenine nucleotides on DNA replication, because the nuclei were shown to be free of cytoplasmic contaminants and easily afforded autoradiographs as well as acid-precipitable radioactivity. The role of nuclear ATP/ADP ratios in regulating DNA replication in 3T6 nuclei is suggested by the correlation of the studies in vitro with the nuclear compartment pools of ATP and ADP in vivo; the lowering of ATP/ADP ratios is favorable to DNA replication. In a separate study we have shown that inhibition of DNA synthesis in 3T6 cells by adenosine and not by adenine is related to the increase in nuclear ATP/ADP ratios promoted by adenosine incorporation. Whereas adenine as well as adenosine inhibits pyrimidine biosynthesis in 3T6 cells and leads to increases in total cellular ATP pools and ATP/ADP ratios, only the latter yields marked increases in nuclear ATP/ADP ratios (unpublished data). The present study suggests a general route for S phase-directed inhibition of cellular growth by treatments that lead to increases in nuclear ATP/ADP ratios (e.g., adenosine and its analogues).
The data reported here point at a unique mechanism by which DNA replication is regulated in S phase mammalian nuclei. Whereas initiation is regulated by cytoplasmic factors, elongation of previously initiated replicons is controlled by the nuclear compartment's ATP/ADP ratio. Nuclear DNA-dependent ATPases probably play a role in controlling this ratio.
The increases in the levels of these enzymatic activities upon progression from a resting to a proliferative state of cells (15, 16) is likely to result in lower nuclear ATP/ADP ratios, which, as we have shown here, are favorable to DNA replication.
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